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Stability Studies of Domain 2 of Neural Cadherin 
(Under the direction of Dr. Susan Pedigo)
Neural cadherin is a member of a family of calcium binding cell adhesion 
molecules. These cell surface proteins mediate intercellular adhesion through association 
of protomers on the same cell surface to form lateral interactions, and juxtaposed cells 
then undergo adhesive interaction. This action occurs by ordered calcium dependent 
associations mediated through the five extracellular N-terminus β-barrel domains. While 
the critical function and structure of classic cadherin is well established, the energetic 
mechanism of adhesion is still unclear. This study includes experiments into the 
purification and stability of Domain 2 in neural cadherin with the motivation that Domain 
2 is a representative domain for this family of proteins. The definition of a domain 
boundary is somewhat arbitrary, and hence it was important to examine the effect of the 
adjoining linker regions that connect Domain 2 to the adjacent domains. The studies 
presented here employ purification and energetic analysis of two constructs, the neural 
cadherin Domain 2 (NCAD2) and the domain with both linkers at the N- and C-termini 
(L1-NCAD2-L2). Temperature denaturation experiments were performed on these 
protein segments to gain insight on the effect of linkers on the core domain. Several 
trends between Domain 2 of neural and epithelial cadherin are evident from the resulting 
data and provide a paradigm of characteristics for defining Domain 2 in the classical 
cadherin family. Like ECAD2, the linker segments destabilize the core domain in the 
absence of calcium, but the destabilization of L1-NCAD2-L2 can be fully reversed by the 
addition of calcium. Sodium chloride steadily increases the stability of both constructs, 
indicating that the destabilization of the core domain in the presence of linkers is due to 
the electrostatic repulsion between those additional residues. Thus, the context of 
Domain 2 of classical cadherins within the whole protein affects its thermodynamic 
characteristics.
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INTRODUCTION
Cadherins are a superfamily of calcium binding cell-adhesion proteins that are 
responsible for communicating between identical cells through homophilic interactions 
(7). The cadherin family includes classical cadherins that are the major component of 
cell-cell adhesive junctions, desmosomal cadherins such as desmocolins, and 
desmogleins, and the newly discovered protocadherins which are critical for 
synaptogenesis in neural tissue. Classical cadherins are named according to which tissue 
cells they are found: epithelial, neural, and placental cadherins. Each has a common 
domain organization with an N-terminal extracellular region, a single pass membrane­
spanning region, and a C-terminal cytoplasmic domain (2). Solution (3, 4) and 
chrystallographic (5, 6) studies show that the extracellular end of the polypeptide 
contains 5 independently folded, 7-strand β-barrei modular domains that are highly 
homologous to each other. There are approximately 110 amino acid residues per domain, 
and the ectodomains are anchored to the cell surface by the transmembrane segment. The 
N-terminal Domain 1 is known to participate in protein-protein interactions (7-11) and to 
undergo calcium-dependent conformational changes (72). Calcium binds to these 
domains as well as the short interdomain linker regions (5, 77). Cell adhesion requires 
calcium binding to these regions (7, 13, 14), for this changes the relative disposition of 
the extracellular domains for adhesion (72). The cytoplasmic domain interacts with the 
actin cytoskeleton through catenins and help to spatially organize the ectodomain on the 
cell surface.
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Cadherins are very important physiologically. These transmembrane receptors on cells 
are thought to play a key role in morphogenesis and the development of tissue 
architecture. Epithelial cadherins help establish and maintain polarization of epithelial 
cells into apical and basolateral regions. Differential expression of cadherins is 
responsible for the development of the nervous system as well as adhesion of placental 
cells in reproduction. Altered expression of cadherins may be involved in invasion and 
metastasis of tumor cells.
Cell-cell adhesions are established by direct interactions between cadherin molecules 
that extend from opposing cells. The extracellular domains of identical cadherins located 
on neighboring cells participate in Ca2+ dependent adhesion, and this involves a different 
segment of the cadherin polypeptide. The seven strands of the β-barrel (strands a through 
g) comprising each domain include a C-terminal sequence of conserved amino acids, 
VITVX, where X represents any amino acid. Following this sequence is a highly 
conserved 7-residue segment, DXNDNXP, which connects the g-strand of one molecule 
with the a-strand of the next (Figure 1). This segment contributes oxygen atoms from 
the backbone and side chain carbonyls for chelating calcium ions at this interface 
between domains (5). These highly conserved amino acid sequences are named 
“linkers,” and calcium binding at this interface changes the relative configuration of the 
modules. This also links each domain together to transduce adhesive signals. Adjacent 
cadherins on the same cell surface then undergo cis- dimerization, and cis-dimers from 
other monotypic cells interact to generate more highly ordered structures such as 
tetramers. The trans-interactions between the ectodomains, which result from the 
presence of Ca2+, serve as the foundation of cell-cell adhesion. Calcium binding is not 
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just a prerequisite for binding, for its presence also induces a conformational change 
toward an active and stable protein structure. The cadherin-catenin complex of the 
cytoplasmic domain also plays an important role in the stability of homophilic binding. 
Cadherins expressed from mutant cells that contain only the extracellular domains were 
shown to be capable of cell recognition and binding; however, adhesion is much weaker 
than the normal wild-type molecule.
Recent research has shown that the trans-associated complex required for 
adhesion has multiple associations that each of the modules either actively or passively 
participates in. This indicates that each module must have different and complex roles in 
assembly. Thus, studies on the energetics that dictate their behavior are important in 
understanding the underpinnings of folding, calcium binding, and assembly of cadherins. 
Energetic studies have been carried out for Domain 2 of epithelial cadherin (EDAC2). 
ECAD2 is shown to be relatively stable and may serve to stabilize Domains 1 and 3. 
However, the “linkers” flanking this module, L1 and L2, destabilize the core domain. 
Temperature denaturations of ECAD2 and L1-ECAD2-L2 have shown that sodium 
chloride stabilizes both constructs. However, L1-ECAD2-L2 remains less stable than 
ECAD2. There are many negatively charged residues that reside in the linker segments 
that form the Ca2+ binding pockets. The Na+ ions electrostatically screen these acidic 
charges and reduce the repulsive forces (75).
The goal of this investigation is to observe whether or not Domain 2 of neural 
cadherin (NCAD2) behaves similarly to ECAD2. Neural cadherin plays an important 
role in neural development, such as synapse formation and maturation. Both epithelial 
and neural cadherin belong to the classical cadherin family, and a comparison of mouse
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epithelial and neural cadherin reveals a 49.8% amino acid identity (Figure 1). Since the 
first three extracellular modules of N- and E-cadherin are similar in amino acid sequence, 
purification and energetic studies will be done on NCAD2 to see if the module exhibits 
the same calcium-dependent energetic profile as its ECAD2 counterpart. This study will 
report the energetics of folding for NCAD2 and L1-NCAD2-L2 utilizing temperature 
denaturation experiments monitored by circular dichroism (CD). These denaturations 
will be performed in the absence and presence of calcium and a range of salt 
concentrations to observe the relative stabilities of the domain constructs. This includes 
determining whether NCAD2 is stably folded, sodium (Na+) stabilizes the constructs, and 
NCAD2 is destabilized by its linker segments in a similar pattern as ECAD2. The overall 
goal of these studies is to compare the relative stability of the individual domains and 
interdomain interactions between epithelial and neural cadherin. Ultimately, this 
research attempts to provide the thermodynamic stability of NCAD2 in hopes of framing 
a paradigm of extracellular domain characteristics and elucidate the energetic homology 
among the proteins of the classical cadherin family.
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METHODS AND MATERIALS
Recombinant plasmid construction and cloning. The cDNA clone of the entire coding 
sequence for NCAD from mouse was provided by Prof. Coleman (Columbia University) 
in an unknown vector with ampicillin resistance. Primers for each of the Domain 2 
constructs NCAD2 and LI-NCAD2-L2 were designed following the protocol specified in 
the Xa/LIC cloning kit (Novagen). The Xa/LIC kit adds His6-Tag and S-Tag to the N- 
terminal end of the protein allowing for consecutive affinity purification steps. The 5’- 
and 3’- end primers were designed to amplify the region Glutamate 107 to Threonine 214 
for NCAD2, and from Aspartate 100 to Proline 221 for L1-NCAD2-L2. PCR 
amplification was conducted with KOD HiFi DNA Polymerase (Novagen) and dNTPs 
for 25 cycles following the protocol for KOD HiFi DNA Polymerase. The PCR products 
were purified using a standard Plasmid Prep Kit (Qiagen). The purified PCR products 
were treated with T4 DNA Polymerase in the presence of dATP to create 5’ overhang 
sequences. The treated PCR products were annealed to the pET-31 b Xa/LIC vector at the 
Xa/LIC cloning site located immediately after the N-terminal tags. Competent 
BL21(DE3) cells were transformed with the annealing mix and plated on LB agar plates 
containing 30 μg/mL kanamycin. Colonies were screened for expression of proteins of 
the correct molecular weight (SDS-PAGE). The vectors from those colonies were 
purified and sequenced from the 5’ end of the gene using a primer complementary to the 
S-tag sequence.
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Overexpression and Purification of Domain 2 Constructs. The two constructs, 
NCAD2 and L1-NCAD2-L2, were then overexpressed using the BL21(DE3) expression 
cell lines. Sterile LB agar plates were prepared with l00μL of Kanamycin stock (100 
mg/mL), and the frozen, transformed cells were streaked across the sterile plates. Two 
50mL overnight LB/Kan cultures (Kanamycin final concentration lOOμg/mL) were 
prepared and inoculated with one colony from the LB/Kan plates. Then, 1-L volumes of 
LB sterile cultures were inoculated with 5mL overnight culture, 1-mL of Kanamycin 
stock (final concentration l00μg/mL), 20mL of 20% Glucose, and 50mL of 1M 
potassium phosphate. Each culture was grown at 37°C on a rotating shaker at 200rpm 
until an OD600 of 0.6 to l .0AU, and they were induced with 0.4mM IPTG. The cells were 
harvested two hours after induction through spinning in a Sorvall 5B centrifuge at 3,000 
rpm. The cell pellets from the 1-L cultures were then resuspended in ~10mL of 20mM 
Tris/HCl and l00mM NaCl at pH 7.4. This solution was sonicated for approximately 5 
minutes and centrifuged again at 13,000 rpm at 4°C for 45 minutes to remove cell debris. 
By running gel electrophoresis on these samples, the localization NCAD2 and Ll- 
NCAD2-L2 proteins could be narrowed down to either the supernatant or pelleted cell 
fractions.
Gel electrophoresis is an important analysis technique needed to keep track of the 
location of the protein during each step of purification. A 20% SDS stock (1% working 
concentration) Tris/Glycine running buffer is used, and each sample is compared to a 
Sigma Low Molecular Weight Standard. The expected molecular weight of NCAD2 is 
~1 l,630g/mol, and L1-NCAD2-L2 is ~13,226 g/mol. The 20% SDS acts as a detergent 
that binds to the proteins in amounts roughly proportional to the molecular weight of the
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protein (~l SDS molecule per 2 amino acid residues). It imparts a large negative charge 
that overshadows any intrinsic charge of the polypeptide, so its charge corresponds 
directly with its size. The polyacrylamide gel used for electrophoresis has cross-linked 
polymers that serve as a molecular sieve, slowing migration of the proteins according to 
their charge-to-mass ratio. There is a potential difference of 200V held across this 
polyacrylamide gel, and the negatively charged proteins migrate down the gel toward the 
anode. Smaller molecules move more rapidly down the gel than larger ones, and this 
electrophoretic mobility can be used to estimate a molecule’s molecular weight when 
compared to a low molecular weight standard. The gels were stained in with the dye 
Coomassie blue, which binds only to the polypeptides.
If the Domain 2 constructs were located in the pelleted fraction after 
centrifugation, then the protein may be insoluble and subject to another method of 
purification. This pellet of inclusion bodies was suspended in 15mL of 10% Triton-X 
and centrifuged at 13,000rpm for 20 minutes at 4°C. The supernatant was decanted and 
saved. This was followed by two rounds of rinsing by suspending the pellet in 1% 
Triton-X, incubating for 10 minutes, and centrifuging at 13,000rpm for 20 minutes at 
4°C. The supernatant from each round was decanted and saved for analysis.
The NCAD2 and L1-NCAD2-L2 proteins must be purified through several 
processes, and the first step involved using His-Tag Affinity Chromatography. If the 
constructs are soluble, they were dialyzed overnight in a buffer solution of 20mM 
Tris/HCI, 0.5M NaCl, and 5mM Imidazole at pH 8. If they were insoluble, the pellet was 
then dissolved in His-Tag binding buffer with urea added (20mM Tris/HCI, 0.5M NaCl, 
5mM Imidazole, and 6M urea at pH 7.9) and dialyzed overnight. This allows small
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impurities like ions or DNA to pass out of the supe while holding in the larger protein. A 
Hi Trap His-Tag column is used during the chromatography, which contains an affinity 
matrix that binds with high specificity to the Domain 2 construct’s His-Tag sequence. 
This column is first equilibrated with filtered His-Tag binding buffer. Then 10mL of the 
post-dialysis supe is loaded onto the column 0.5mL/min. Each 10mL sample is washed 
with 30mL of binding buffer, followed by 20mL of wash buffer (20mM Tris/HCl, 0.5M 
NaCl, and 40mM Imidazole, pH 7.9) and finally 30mL of elution buffer (l0mM 
Tris/HCl, 250mM NaCl, and 0.5M Imidazole, pH 7.9). The washes are done at a rate of 
1mL/min and collected in 5mL fractions. The binding buffer with urea denatures the 
protein and allows it to bind to the column in its unfolded state. The wash buffer contains 
no urea and allows the protein to assume its native folded form. Since Imidazole is the 
side chain of the amino acid residue histidine, it competes with the His-tagged NCAD-2 
for the binding sites on the column. The high concentration of this molecule in the 
elution buffer serves to elute the protein from the column and wash it through to the 
fractions. If purification went well, then contaminants should pass through the initial 
fractions with the purified NCAD2 construct showing up in the wash fractions. Gel 
electrophoresis and UV-vis spectroscopy was done on these fractions to locate the 
protein.
The NCAD2 and L1-NCAD2-L2 samples underwent Factor Xa cleavage to 
remove the His-Tag and extra vector protein. The His-Tag has a proteolytic cleavage 
site of basic residues at an N-terminal base where it branches from the NCAD2 molecule 
that is attacked by Factor Xa. The His-Tag chromatography fractions having the protein 
were dialyzed overnight in Factor Xa cleavage buffer (50mM Tris/HCl, l00mM NaCl,
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and 5mM CaCb at pH 7.4). A UV spectrum was taken post-dialysis to determine the 
concentration of protein in the samples, which is needed to calculate the volume of Factor 
Xa needed for cleavage (1 AU per 2mg protein). The formula used for protein 
concentration calculation is the following:
A = ε • c • b Equation 1
Here, A is absorbance, ε is the extinction coefficient, c is the concentration, and b is the 
path length. The extinction coefficient was calculated based on the extinction 
coefficients of tyrosine and tryptophan, which are known to absorb UV light maximally 
at 278nm. There are four tyrosines and one tryptophan for both NCAD2 and Ll- 
NCAD2-L2, and the calculated extinction coefficient for the constructs was 
~10,810/M/cm. The Factor Xa cleavage is carried out at room temperature overnight, 
and gels are run to see if NCAD2 was properly cleaved. There were variable results with 
Factor Xa cleavage.
As an alternative to Factor Xa cleavage, the His-Tag was cleaved with Trypsin 
digestion in another preparation for comparison. The His-Tag elution fractions were 
dialyzed overnight in a trypsin digestion buffer (5mM CaC12, 20mM Tris, 140mM NaCl, 
5% glycerol, 1 mM DTT, at pH 7.5) and then concentrated in a 10,000MW conical filter 
at 3000rpm for 20 minutes. Fractions of 250μL Immobilized TPCK-Trypsin were 
equilibrated in eppendorf tubes through three rounds of washing with 500μL of dialysis 
buffer, centrifuging at 14000rpm for 5 minutes, and decanting the top layer of buffer. 
About 500μL of dialyzed His-Tag elution fractions were digested per eppendorf 
microcentrifuge tube on a rotating shaker for 6 hours. After centrifuging the digest
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fractions at 14000rpm for 10 minutes, the top layer containing the NCAD2 protein was 
removed.
To purify the NCAD2 polypeptide and to exchange buffer from the rest of the 
His-Tag, the fractions are run through Size Exclusion Chromatography (SEC). The 
digested protein preparation is concentrated to ~10mL using a 10,000 MWCO centricon 
unit. The SEC column contains a matrix of beads that allows the large NCAD-2 
molecule to pass though the interstitial space quickly while trapping the smaller 
impurities in the pores of these beads. A home-made S-100 column was used and 
equilibrated with 200mL of SEC buffer (l0mM HEPES at pH 7.4, 140mM NaCl, 20% 
ethanol) at a rate of 0.2mL/min. The concentrated protein sample was loaded through the 
buffer line at 0.5mL/min, and a flow of SEC buffer is started at 0.5mL/min for 1 hour and 
20 minutes. SEC fractions were collected manually every three minutes, and the 
absorbance of these fractions was checked with UV spectroscopy to determine where the 
protein eluted. Samples from the protein-containing fractions were analyzed by gel 
electrophoresis and checked for purity. Each sample was concentrated with a 10,000 
MWCO centricon unit and spinning at 3,000rpm in 5 minutes increments until UV-vis 
absorption was ~2.5AU to create the clearest resolution on the electrophoresis gel.
Ion Affinity Chromatography may be used to further purify SEC fractions that 
appear contaminated. A SAX column, which has a cationic core, was used for its 
electrostatic affinity for the negatively charged NCAD2 and L1-NCAD2-L2 
polypeptides. Eight preparations of NaCl buffer solutions were prepared ranging from 
low concentration (50mM NaCl) to high concentration (1.0M NaCl). A l00μL of 
concentrated (~50mM) SEC protein sampled was loaded onto the SAX column. The
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anionic protein should stick to the column while being loaded. Next, the low salt buffers 
were washed through to sweep away contaminants. Two 1.0mL fractions using each 
gradation of concentrated NaCl wash were collected in eppendorfs up to the high 1.0M 
NaCl buffer. The higher salt buffers has Cl ions that compete with the protein for the 
column, and this elutes the protein from the column. Thus, the contaminants should flow 
through in the initial fractions, while the protein would be collected in the latter ones. A 
UV spectrum was taken for the flow through and each of the 16 fractions.
Characterization of Purified Proteins. For the characterization and energetic studies, 
the proteins were concentrated to ~ 1.1 AU at 280nm in a 1cm path length cuvette using a 
Cary 50 Bio UV-vis Spectrophotometer. To check for the complete purity of the NCAD2 
and L1-NCAD2-L2 solutions, 30μL samples were sent for mass spectroscopy analysis 
(MALDI-TOF; University of Iowa, Molecular Analysis Facility). The chemical species 
is ionized and separated based on its mass/charge ratio, and a highly precise detector can 
calculate the molecule’s molecular weight. The purity and size was also checked with 
SDS-PAGE analysis (Figure 3). The proteins were then characterized spectrally using 
both the Cary 50 Bio UV-vis Spectrometer and a Model 202SF Circular Dichroism (CD) 
Spectrometer (Aviv). The UV-vis spectra helped determine the proteins solutions’ final 
concentrations by comparing the molar absorbtivity to the extinction coefficient of 
10,810/M/cm at 278nm and a path length of 1mm. The CD spectra helped confirm the 
presence of β-sheet secondary structures of the Domain 2 constructs and were measured 
from 300 to 200nm at 25°C, with a 5s averaging time in 2mM HEPES, 140mM NaCl, pH
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7.4, with and without addition of 5mM Ca2+, and along a range of concentrated salt 
additions.
Temperature-Induced Denaturation as a Function of Calcium and Salt
Temperature denaturation studies were done to measure the stability of NCAD2 
constructs, and they were monitored spectroscopically using an AVIV 202SF CD 
Spectrometer. This machine was used in protein unfolding studies in which data 
gathered in the form of CD signals can be used to calculate equilibria constants such as 
denaturation temperature (Tm), enthalpy (AH), and Gibbs free energy (AG0'). 
Temperature induced unfolding measurements of the Domain 2 constructs can provide 
such data, for the protein denatures as temperature increases. The CD signal records 
polypeptide's absorption of circular polarized light to detect secondary structures present 
in the protein. The CD signal decreased as the protein unfolded, and measurements were 
taken at 225nm over a temperature range of 15-85°C. All CD experiments proceeded 
using a 1 cm quartz cuvette with a fitted screw top to prevent loss of solution due to 
evaporation at high temperatures. A temperature probe was inserted through the cuvette 
screw top and a magnetic stir bar was activated during data collection. The temperature 
ramp was set at 1 °C/min with data taken every degree. The equilibration time at each 
temperature was 30 seconds, with an acquisition time of 5 seconds.
To observe the effect of calcium on NCAD2 and L1-NCAD2-L2 stability, 2.5mL 
solutions were prepared with 5μM protein in 2mM HEPES and 140mM NaCl at pH 7.4. 
Apo-samples and 5mM Ca2+ samples were subjected to temperature denaturation and 
cooled back to 15°C. EGTA may be added to prevent trace calcium contamination in the
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apo-samples, but previous research with ECAD2 revealed there was no difference in the 
measurements with or without EGTA. Since there was little chance of calcium 
contamination affecting the results, EGTA was not used in the apo-solutions or the 
following salt-dependent studies. For the salt-dependent experiments, 2.5mL solutions 
were prepared with 5μM protein, l0mM sodium phosphate, and varying salt 
concentrations from 0, l0mM, 50mM. 140mM, 500mM, and 1M NaCl at pH 7.4. As 
described in the previous section, wavelength scans were conducted before each 
unfolding experiment to characterize the constructs in each solution environment.
Data Analysis. The data gathered from the denaturation experiments were analyzed with 
IGOR Pro (ver. 4.0; Wavemetrics). All data were analyzed according to a two-state 
unfolding model as governed by the equilibrium constant KObs for which [U] is the 
concentration of the unfolded state and [N] is the concentration of the native state at any 
point along the unfolding curve.
Kobs = = e -ΔGobs1RT Equation 2
[N]
Data from the unfolding profile was used to find the mole fraction of unfolded species in 
solution, Xu, which was used to calculate Kobs:
K
Xu = —Equation 3 
1 + Kobs
The melting temperature is the temperature halfway through the denaturation, where the 
mole fraction of unfolded species, Xu, equals the mole fraction of folded species, Xn, and 
ΔGobs = 0, and Kobs = 1. The relationship between the temperature and the KObS obtained 
from CD data is defined by the Gibbs-Helmholz equation shown below
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= ΔHm(1 - —) + ΔCp(T-Tm -T^y) Equation 4
m
where ΔGobs= -RT In Kobs ΔHm is the enthalpy of unfolding at the melting temperature, 
Tm is the melting temperature and ΔCP is the heat capacity at the melting temperature. 
IGOR Pro fits the CD signal and temperature data to the model above, but ΔCP couldn’t 
be resolved independently. This value had been determined experimentally for ECAD2, 
so the parameter was fixed to ΔCP = 1 kcal/K-mol. Resolved values for ΔHm and Tm and 
calculated values for ΔGObS at 25°C are reported in this study.
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RESULTS
Purification of NCAD2 and L1-NCAD2-L2. There were two overexpression and 
purification preparations done for each construct. After inducing the transformed E. Coli 
BL21 (DE3) cells and harvesting them with centrifugation, SDS-PAGE analysis revealed 
that one NCAD2 and both LI-NCAD2-L2 overexpressions resulted in soluble constructs, 
but the other NCAD2 preparation resulted in an insoluble construct that remained in the 
cell pellet with inclusion bodies. After running the protein preparations through His-Tag 
chromatography, half were digested with Factor Xa and half were digested with Trypsin 
to cleave the Hi-Tag from the constructs. SDS-PAGE analysis of the post-digestion 
samples revealed that Trypsin digestion removed the His-Tag and other contaminating 
protein more efficiently, leaving a final polypeptide with an apparent molecular weight 
closest to the calculated weights of NCAD2 and L1-NCAD2-L2. The Factor Xa cleaved 
NCAD2 constructs still exhibited significant contamination even after size exclusion 
chromatography, but the Trypsin treated NCAD2 and L1-NCAD2-L2 protein solutions 
appeared relatively clean post-SEC. The UV-vis spectrum of the Factor Xa cleaved 
NCAD2 SEC fractions revealed that the highest concentrations of NCAD2 protein are 
located in fractions 11, 12, and 13. The gel electrophoresis, however, shows scattered 
bands in these fractions, which means the samples still remain contaminated. Fraction 11 
contains the least pure protein and also has the most impurities. Fraction 13 has the 
largest concentration of protein with least contamination.
15
The SAX Chromatography used in attempt to further purify SEC sample 11 also 
had some unexpected results. The UV spectrum of the 16 fractions taken from the 
column (2 fractions for each of the 8 salt buffers) showed that most of the protein was 
collected in the initial flow through and low salt buffers, which means no protein stuck to 
the column. The conductivities of the elution buffers were checked to confirm their salt 
concentrations. These tests indicated the buffers were made correctly, but we do not have 
an explanation for why the SAX column did not work.
Due to these unsuccessful attempts to purify Factor Xa digested constructs, only 
those purified NCAD2 and L1 -NCAD2-L2 solutions digested with Trypsin were used in 
the following characterization studies. For NCAD2, UV-vis spectroscopy analysis of 
SEC elution fractions showed that the highest concentrations of protein were in fractions 
6, 9, 7, 8 (in order of increasing NCAD2 concentration). The UV-vis spectrum of Ll- 
NCAD2-L2 SEC elutions showed that fractions 10, 8, and 9 have highest protein 
concentrations. UV-vis also showed there was no presence of contaminating DNA in any 
of these fractions.
NCAD2 and L1-NCAD2-L2 Characterization. NCAD2 SEC fractions 7 and 8 were 
combined, and all samples were concentrated to ~1.1 AU at 280nm to increase 
characterization clarity. Table 1 compares the molecular weights of each Domain 2 
construct that were deduced from calculation, mass spectroscopy, and SDS-PAGE. The 
SDS-PAGE analyses showed all NCAD2 solutions were contaminant-free and a 
molecular weight of ~12,000g/mol was estimated. This gel also shows that L1-NCAD2- 
L2 fraction 9 has the purest and highest concentration of protein, and its molecular
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weight was estimated to be ~14,000 g/mol (Figure 2). NCAD 2 fraction 7/8 and Ll- 
NCAD2-L2 fraction 9 have the highest concentrations of pure protein, and these samples 
were sent for mass spectroscopy analysis. The mass spec seen in Figure 2 indicated the 
purified NCAD2 construct has a molecular weight of 11,755 g/mol, and the mass spec 
peak of L1-NCAD2-L2 seen in Figure 3 corresponds to a molecular weight of 13,162 
g/mol. These values are very close to the calculated values of both Domain 2 constructs. 
We compared these experimentally determined masses to the mass of other possible 
cleaves by trypsin. We included cleavages within Domain 2 and within the 45 residue N- 
terminal affinity label. Alternative cleavage products for NCAD2 yielded a possible 
product at 11,553 g/mol. This is quite close to the desired product given the resolution of 
the technique. This possible cleavage product is significantly smaller that the 
experimental value (200 mass units less). This ambiguity can be addressed through N- 
terminal sequencing. Regarding L1-NCAD2-L2, the closest mass to the correct mass was 
-550 mass units greater that the expected value for L1-NCAD2-L2. Thus, alternative 
cleavage products do not explain the 60 mass unit displacement of the maximum. The 
data shows multiple peaks of decreasing amplitude due to sodium adducts of the 
molecular ion.
Temperature Denaturation Experiments.
Calcium-Dependent Studies: The normalized CD signals obtained from the NCAD2 and 
L1-NCAD2-L2 temperature denaturation studies are compared in Figure 4. This shows 
the unfolding profile from 15-85°C for each construct in the presence and absence of 
calcium. The solid lines passing through the CD absorbance points are simulated based 
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on simultaneous fits to all data taken under those conditions, and the CD signal scale was 
normalized and is equivalent to the mole fraction of native protein, Xn. Upon inspection 
of these plots, NCAD2 is more stable in apo-conditions compared to L1-NCAD2-L2, for 
addition of the linkers destabilizes the core NCAD2 domain by ~3°C. The addition of a 
high concentration of calcium shifts the denaturation profile of both constructs to a higher 
temperature, and L1-NCAD2-L2 having the highest stability. This calcium addition 
stabilizes NCAD2 by ~2°C and L1-NCAD2-L2 by ~6°C. The affects of calcium on the 
thermodynamic characteristics of the Domain 2 constructs at 25°C are outlined in Table 
2. This data was resolved from analysis of the unfolding curves in Figure 4. The Tm 
values for the constructs in the different calcium environments are in the relative order of 
L1-NCAD2-L2 (+ Ca2+) > NCAD2 (+ Ca2+) > NCAD2 (Apo) > L1-NCAD2-L2 (Apo). 
Salt-Dependent Studies: The normalized CD signals from the temperature denaturation 
of NCAD2 in the salt-dependent studies are plotted in Figure 5. Unfolding profiles were 
gathered for NCAD2 in the presence of 6 salt concentrations from 0 to 1M NaCl. The 
stability of NCAD2 increases as the salt concentration increases, shifting its transition 
curve to higher temperatures. Compared to NCAD2 in apo-conditions (140mM NaCl), 
the construct is destabilized by 3°C when no salt is present, and it becomes more 
stabilized by 5°C when its salt concentration reaches 1M NaCl. There is an obvious large 
increase in stability of 5°C when the salt concentration increases from 140mM to 500mM 
NaCl, but very little increase in stability is seen even as salt increases to 1M NaCl. 
Lower salt concentrations also yielded smaller transitions. Figure 6 shows the 
normalized CD signal of the salt-dependent study of L1-NCAD2-L2. A similar trend of 
increasing stability with increased salt concentration is seen here as well. Similar to
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NCAD2. there is a large increase in stability of ~4°C as salt increases from 140mM to 
500mM NaCl. However, the other transitions from higher to lower salt have a consistent 
increase in temperature of ~2 C. Compared to its normal physiological state (140mM 
NaCl), no salt decreases stability by ~6°C, and increase salt to 1M NaCl shifts the 
transition by ~6°C.
Parameters resolved from fits to the melting transitions for NCAD2 and Ll- 
NCAD2-L2 are recorded in Table 3 and Table 4 respectively. The Tm span from 0M to 
1M NaCI is L1-NCAD2-L2 is about ~12°C, which is considerably higher than the ~7°C 
Tm span for NCAD2. The data gathered from the unfolding curves using Equation 4 are 
represented graphically in Figure 7. The Tm, ΔHm, and ΔGun0 for each construct 
increases overall as salt concentration increases. However, L1-NCAD2-L2 has a more 
linear increase in each of these variables. The Tm of NCAD2 increases and leveled off at 
the highest salt levels. The ΔHm values have more uncertainty and variability in the 
resolved values, and there is no obvious trend in these data. Values for AG0un have a 
generally increasing trend as salt concentration increases, which is an effect apparently 
driven by the changes in Tm.
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DISCUSSION
This paper reports the creation of two neural cadherin domain 2 constructs that 
systematically test the effect of adjoining linker regions (L1-NCAD2-L2) upon the 
energetic profile for stability of the core domain (NCAD2). Earlier studies on ECAD2 
employed similar techniques that yielded very similar energetic trends that govern the 
stability of Domain 2. Based on those studies, we are confident that the temperature­
denaturations monitored by CD reported here give an accurate representation of the 
thermodynamics of protein stability in the NCAD2 constructs with the adjacent linkers 
attached. The similarities between NCAD2 and ECAD2 structure and thermodynamic 
stability may be used to construct a model of homologous characteristics for Domain 2 
that are shared between members of the classical cadherin family.
Destabilization of Domain 2 by linker segments. The data gathered from the unfolding 
experiments clearly shows that the core domain of NCAD2 is destabilized by the 
presence of its adjoining linker segments of seven amino acids. This may seem 
counterintuitive since the addition of linker segments brings Domain 2 into a context that 
is closer to its stable physiological state, and one might assume this would increase the 
stability of the construct. However, these studies indicate that the destabilizing effect of 
the linker segments is due to their anionic nature.
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Salt-dependence of stability: ECAD2 has also been shown to be destabilized by the 
linker regions, and it was hypothesized that the presence of acidic residues contributes to 
the destabilization effect in both ECAD2 and NCAD2. The salt dependent experiments 
were performed in apo-conditions (no calcium) since the absence of Ca2+ leads to the 
greatest instability of both constructs. The increased concentration of salt steadily 
increases the stability of NCAD2 and L1-NCAD2-L2, and this behavior is consistent 
with the presence of repulsive electrostatic interactions between amino acid residues that 
are effectively screened in NaCl solutions (16-18). It is not clear from these limited 
studies whether this is specific binding by Na+ or a simple solution screening effect. This 
electrostatic repulsion must have been present on both the core domain and the construct 
with linkers since addition of salt stabilized each one significantly. L1-NCAD2-L2 had 
the smallest stability in the absence of salt, and it underwent the largest increase in 
stability as salt increased to 1M NaCl, which indicates that both linker regions present 
residues with high electrostatic repulsion. At 1 M NaCl, NCAD2 is more stable than Ll- 
NCAD2-L2, indicating that the destabilizing effect of the linkers in high salt, though 
greatly reduced, is still present in apo-conditions. The destabilizing effect due to the 
electrostatic repulsion may be attributed to some structural features of the domain 2 
constructs. The NCAD2 and L1-NCAD2-L2 are acidic proteins with many charged 
amino acid residues exposed on the surface of the protein. NCAD2 is an anionic domain 
and has a pI of ~ 4.2.
Comparison to similar domains in the literature: Previous studies of ECAD2 yielded 
similar findings. Domain 2 of epithelial cadherin is also highly negative with pIs ranging 
from 4.4 to 4.5, and there are 15 acidic residues and 8 basic residues exposed to the 
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surface area of the protein (5). Salt dependent studies on constructs of ECAD2 and 
surrounding linkers revealed these constructs are also stabilized by increasing salt. Both 
NCAD2 and ECAD2 constructs have smaller Tm ranges for the core domain than when 
linkers are present, and their energetic parameters plateau between 500mM and 1M salt 
ECAD2 is also destabilized by the presence of linker regions (15). Another example of a 
different protein has been shown in previous research to be particularly relevant to this 
study. The Histone 2 dimer (H2A/H2B) has a stability that is significantly affected by 
the presence of the polypeptides’ highly basic N-terminal tails. Interestingly, deletion of 
the H2A N-terminus destabilizes the dimer, while deletion of the H2B N-terminus 
stabilizes the dimer (79).
However, the phenomenon of domain destabilization by the presence of 
additional protein segments is in stark contrast with the behavior of many other domains. 
Studies of other diverse domains using similar methods of analysis may be observed in 
past literature. These constructs are similar to NCAD2 and ECAD2 in folding, but the 
addition of short peptide sequences to their N- and C-termini lead to stabilization of the 
core domain in terms of increased Tm and ΔG0un. The C-terminus of Protein S, an 
immunoglobin type domain, is significantly stabilized in the context of the entire intact 
protein (20). Also, the X1 domain of cellobiohydrolase, a fibronectin type III domain, is 
stabilized by the addition of its adjacent domain X12 by ATm of ~ 6.4°C in salt-dependent 
studies (27).
Domain 2 Calcium Binding. Like Domain 2 of epithelial cadherin, the temperature- 
induced denaturation profiles reveal that the NCAD2 and L1-NCAD2-L2 constructs are 
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stabilized in terms of resolved Tm in high concentrations of calcium. As seen in Figure 
1A, the amino acid sequence of L1-NCAD2-L2 includes residues involved in binding 
calcium. There is a relatively larger shift to higher Tm seen for L1-NCAD2-L2 in high 
calcium compared to NCAD2. but there is little change in ΔHm or ΔG0un for either 
construct, which may indicate the polypeptides did not undergo any major 
conformational changes when binding calcium. In contrast some calcium binding 
proteins such as SynCaM (EF-hand protein) exhibit endo- or exothermic shifts when 
binding to cations (22).
Neural and Epithelial Cadherin Domain 2 Paradigm: The thermodynamic and 
structural homology between ECAD2 and NCAD2 has been indicated by the data 
presented in this study. Both have been shown to be stabilized by the presence of high 
salt and calcium, where stability of the core domain CAD2 and L1-CAD2-L2 in presence 
of 5mM Ca2+ is equivalent energetically to addition of 400-500mM Na+. There must be 
specific binding of calcium to the highly conserved domain interfaces, for sodium 
appears to be a poor substitute. However, further research may be done to provide more 
information on the repulsion and destabilization effects of the linkers. L1-ECAD2-L2 
has 18 acidic and basic residues that are at least 50% accessible to the surface area of the 
protein (23), and these contribute to the destabilization of the construct. Several of these 
charged residues are found in the linker regions and interfaces between Domain 1 - 
Domain 2 and Domain 2 - Domain 3, and they are also responsible for binding Ca2+ions 
(15). The destabilizing affect of addition of linker regions may be due to the major 
presence of charged residues in these 7 amino acid segments, but stability is also rescued 
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due to the presence of calcium binding to many of these same residues that otherwise 
destabilize in apo-conditions. ECAD2 and NCAD2 destabilization upon linker addition 
appears to be due to repulsion interactions among charged residues at domain interfaces 
since addition of salt stabilizes those constructs, most likely due to Na+ screening of the 
repulsive charges.
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Table 1. Molecular Weights of Domain 2 Constructs.
METHOD NCAD2________ L1-NCAD2-L2
Calculated d ________11,630g/mol______ 13,226 g/mol
Mass Spectroscopy b 11,756 g/mol 13,162 g/mol
SDS-PAGE _______ 12,000 g/mol______ 14,000 g/mol
Molecular weight determined from residue sequence at 25 °C
b Post SEC elution constructs in 30μL solutions of SEC elution buffer were sent 
for mass analysis at
Estimated molecular weight of purified construct compared to a Sigma Low
Molecular Weight Standard.















NCAD2 57.6±1.0 67.3±3.1 4.97±0.39 58.7±0.4 65,5±1.6 4.88±0.10
L1-NCAD2-L2 53.7±0.7 61.4±3.0 4.10±0.22 60.2±0.8 64.6±2.4 4.90±0.27
a Melting temperature (Tm) and enthalpy (ΔHm) resolved from fits with ΔCP fixed tol 
kcal/Kmol and R fixed to 0.0019872 kcal/Kmol.
b Calculated using Equation 3 at 25 °C.
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0 mM 54.4±0.1 62.8±1.5 4.28
10 mM 54.6±0.1 59.8±l.1 4.03
50 mM 56.0±0.1 64.0±1.3 4.52
140 mM ____________ 57.6±1.O 67.3±3.1 4.97±0.39
500 mM 62.2±0.1 60.7±l.l 4.58
1 M 62.0±0.2 63.7±2.3 5.60
a Melting temperature (Tm) and enthalpy (ΔHm) resolved from fits with ΔCP fixed to 
1 kcal/Kmol and R fixed to 0.0019872 kcal/Kmol.
b Calculated using Eq 3 at 25 °C.







0 mM 48.1 ±0.1 55.1±1.6 3.12
10 mM 49.7±0.0 55.9±0.0 3.31
50 mM 52.1 ±0.1 59.8±1.8 3.82
140 mM 53.7±0.7 61.4±3.0 4.10±0.22
500 mM 58.5±0.2 64.1 ±2.1 4.72
1 M 60.0±0.2 61.9±2.2 4.59
a Melting temperature (Tm) and enthalpy (ΔHm) resolved from fits with ΔCP fixed to 
1 kcal/K mol and R fixed to 0.0019872 kcal/K mol.
b Calculated using Eq. 3 at 25 °C.
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Domain 2 - Domain 3 Interface
B
100 110 120 130 140 150 160
ECAD2 DQNDNRPEFTQEVFEGSVAEGAVPGTSVMKVSATDADDDVNTYNAAIAYTIVSQDPELPHKN
: . : : : : : : : ::. ::: :: :. : : : : : : . ; : ; ; : : ; : 34/11
NCAD2 DMNDNRPEFLHQVWNGSVPEGSKPGTYVMTVTAIDADDP-NALNGMLRYRILSQAPSTPSPN
100 110 120 130 140 150 160
170 180 190 200 210 219
ECAD2 MFTVNRDTGVISVLTSGLDRESYPTYTLWQAADLQGE- - -GLSTTAKAVITVKDINDNAP
: . : : : : 34/15
NCAD2 MFTINNETGD11TVAAGLDREKVQQYTLI1QATDMEGNPTYGLSNTAWITVTDVNDNPP
170 180 190 200 210 221
Figure 1. Structure of Neural Cadherin Domain 2 Constructs. (A) Schematic of 
Domain 2 constructs. Nomenclature for each domain is noted. Residue numbers are 
noted along the bottom. Linker 1 is residues 100 through 106. Domain 2 is residues 107 
through 214. Linker 2 is residues 215 through 221. (B) Comparison of epithelial and 
neural cadherin amino acid sequence of Domain 2 with adjoining linkers segments 
reveals 49.8% identity. The 7 residues of the linker segments are highlighted with Linker 
1 at the N-terminus and Linker 2 at the C-terminus of the sequence for Domain 2. The 
amino acids are noted that contribute to the hydrogen bonding network for the 7 strands 
(a through g in lower case under the amino acid sequence). (C) Schematic diagram that 
illustrates the relative positions of the 7 strands (a through g). The surface of the protein 
involved in the Domain 1 - Domain 2 interface is shown. The surface of the protein 





Figure 2. SDS-PAGE Pictures From Different Stages of Purification.
(A) Comparison of Post-SEC Elution Fractions for NCAD2 and L1-NCAD2-L2 
Constructs. NCAD2 Samples Lanes 1-5. Lane Identities: 1. Standard; 2. Post Trypsin 
Digestion; 3. SEC Elution # 6; 4. SEC Elution #9; 5. SEC Elution #7/8 . L1-NCAD2-L2 
Samples Lanes 7, 9-11. Lane Identities: 7. Standard; 9. SEC Elution #10; 10. SEC 
Elution #8; 11. SEC Elution #9. (B) NCAD2 Pre-and Post-Trypsin Digestion Samples. 
Lane Identities: 1. Standard; 2. Pre-Digest; 3. Post-Digest. (C) L1-NCAD2-L2 Samples 
Pre- and Post-Trypsin Digestion Samples. Lane Identities: 1. Standard; 2. Pre-His-Tag; 
3. Pre-Digest (Post-His-Tag); 4. Post-Digest; 6. SEC Elution #10; 7. SEC Elution #9; 8. 
SEC Elution #8; 9. SEC Elution #6;
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A
Figure 3. Mass Spectroscopy Analysis of NCAD2 and L1-NCAD2-L2. (A) NCAD 
analysis (MALDI-TOF; University of Iowa, Molecular Analysis Facility). (B) Ll- 
NCAD2-L2 analysis (MALDI-TOF; University of Iowa, Molecular Analysis Facility).
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Figure 4. Calcium-Dependent NCAD2 and L1-NCAD2-L2 Temperature Induced 
Denaturation. Unfolding data gathered in apo-conditions or with 5 mM calcium added. 
Normalized CD signal is plotted versus the probe temperature. The dashed lines are 
simulated based on the parameters resolved from fits to Eqs. 3 and 4 with ΔCP fixed to 1 
kcal/Kmol.
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Figure 5. Salt-Dependent NCAD2 Temperature Induced Denaturations. 
Normalized CD data from the unfolding experiments at 0 M, l0mM, 50mM, 140 mM, 
500 mM and 1 M NaCl added to solutions buffered with 10 mM sodium phosphate at pH 
7.4. Lines through data were simulated based on the best fit values for ΔHm and Tm 
resolved from fits to Eq 4. ΔCP was fixed to 1 kcal/K-mol.
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Figure 6. Salt-Dependent L1-NCAD2-L2 Temperature Induced Denaturation. 
Normalized CD data from the unfolding experiments at 0 M, l0mM, 50mM, 140 mM, 
500 mM and 1 M NaCl added to solutions buffered with 10 mM sodium phosphate at pH 
7.4. Lines through data were simulated based on the best fit values for ΔHm and Tm 
resolved from fits to Eq. 4. ΔCP was fixed to 1 kcal/K-mol.
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Figure 7. Shifts in Thermodynamic Variables Due to Salt Environment. 
Thermodynamic parameters resolved from analysis of temperature-denaturation studies 
as a function of ionic strength of the buffer. (A) Melting temperature, (B) the enthalpy at 
the melting temperature, and (C) the free energy change for unfolding calculated from 
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